Abstract
Introduction

18
In manufacturing of fiber-reinforced composites, the matrix phase is commonly introduced by 19 pressure-assisted impregnation of a fluid into a dry fiber preform, a process referred to as liquid 20 composite molding (LCM) [1] . One of the challenges with this process involves formation and en-21 trapment of voids and hence incomplete saturation of the fiber preform [1] [2] [3] [4] . Experimental studies 22 have demonstrated that void content is correlated with the capillary number, Ca = µν/γ, where ν is 23 the tracer fluid velocity, µ is the fluid viscosity, and γ is the fluid surface tension [1] [2] [3] . In preforms 24 of woven tows of fibers, void content attains a minimum at an optimal capillary number [1] . Below the optimum, fluid flows faster in the small channels within tows, due to capillary wicking, leading 26 to remnant voids between tows [1] . In contrast, at high capillary numbers, preferred flow within the 27 large channels between tows leads to voids within tows [1] . In unidirectional fiber beds subject to trans- 
whereκ s is the saturated permeability tensor and ∇P is the pressure gradient [1-3, 5-10]. The corre-
35
sponding tracer velocity is:
where ε is the porosity of the fiber bed [1] . Fundamental models for saturated permeability of fiber based on an analysis of a collection of uniform aligned tubes [3, 5-7, 10, 11, 13] .
41
In composite processing, impregnation involves displacement of air by fluid within the fiber pre-
42
form and thus the unsaturated permeability is also relevant [1, 14, 15] . In this process, there generally 43 exists a partially-saturated zone in which the saturation S increases from zero at the flow front to a 44 steady-state value at some distance behind the flow front [1] . Preferred flow channeling may occur 45 in either small or large channels within the preform at the flow front [1] . Furthermore, the steady-46 state saturation may be less than unity due to bubble entrapment, which may also result in continued 47 preferred flow channeling well behind the flow front and partially-saturated zone. To account for 48 incomplete saturation, Darcy's law (eq. 1) and the tracer velocity (eq. 2) are modified as follows [1] : 
Test specimens
91
The material system selected for the study is based on a commercial SiC fiber and a SiC pre- Two types of impregnation experiments were conducted. The first was designed to measure 115 unsaturated axial permeability from impregnation rates under constant pressure ( Fig. 1(A) ). Impreg-
116
nation was performed with the tubes oriented horizontally. Pressure was applied in one of two ways.
117
For high pressures (> 100 kPa), compressed air at constant pressure P m was applied to the fluid 118 reservoir while the outlet was left open to atmospheric pressure. Pressures up to 607 kPa were used.
119
For low pressures (< 100 kPa), the reservoir was left open to atmospheric pressure and vacuum was 120 drawn at the tube outlet. In other cases, neither compressed air nor vacuum were applied (P m = 0);
121
here capillary pressure alone drives imbibition. The distance, x f f , from the tube inlet to the flow front 122 was monitored over time ( Fig. 1(B,C) ) with a Dino-Lite AD7013MZT optical microscope with resolu- 
The capillary pressure is given by:
where θ is the contact angle between the fluid and the fibers,r f is the average fiber radius (r f = 187 6.3 ± 0.9µm, as measured from XCT images), and F is a form factor that depends on flow direction ( Fig. 1(D) ). Fifty such measurements were made, yielding θ = 26.3 ± 8.2°.
191
Linear regression analyses of impregnation rate data, presented as x 2 f f vs. t, yield the Darcy 192 slopes, D ( Fig. 1(B) ). In turn, the instantaneous capillary number Ca f f at the flow front is:
and the permeability in the form of κ u /S is:
The results are ultimately cast in terms of a non-dimensional permeability,κ u /S = κ u /Sr 2 f .
Geometric Permeability Estimator (GPE)
In order to interpret the experimental measurements, we developed a new computational tool images, the tool is referred to as the Geometric Permeability Estimator (GPE).
206
The GPE calculates relative axial fluid velocities, hereafter referred to as pseudo-velocities, at 4. The corresponding non-dimensional pseudo-permeability,Ψ, is then calculated as:
wherer f p is the average fiber radius (in pixels) and A cp is the total cross-sectional area of the 223 composite (in pixels).
224
The GPE results were calibrated using CFD simulations of Stokes flow in the axial direction 242 † The GPE results depend on image resolution. As a result, the images were re-sized to obtain a common resolution, characterized by a mean fiber radius ofr f p ≈ 10 pixels. Our studies showed that c decreases as r f p increases, converging to a constant value (for a given porosity) at r f p of several hundred pixels. Furthermore, as r f p increases, the dependence of c on porosity weakens, indicating that the accuracy of the GPE technique improves with increasing image resolution.
In applying the GPE technique to the fiber beds obtained from in-situ XCT, the formulaκ (GPE) = 243Ψ /c(ε) was used with the pertinent calibration factors obtained from a linear regression fit of the 244 results for hexagonal fiber arrays (Fig. 3(B) ) over the porosity range ε = 0.3 − 0. 
In applying these results to non-uniformly packed fiber arrays, area-weighted local porosity distribu-257 tions are first calculated using one of three methods. 
264
The local permeability for each cell (for the Voronoi and Delaunay methods) or each pixel (for 265 the sliding cell method) is computed using the local porosity and either the KC or the Shou models 266 for square or hexagonal packing. The permeability of the entire fiber bed is then taken as the area-
267
weighted average of local permeabilities [6, 7] . One drawback of these computational schemes is that 268 they tacitly assume that fiber arrangements are locally either square or hexagonal.
269
To assess these approaches, permeabilities of the fiber beds in Fig. 3(C-D) and of a hexagonally-270 packed fiber bed with ε = 0.7 (518 full fibers and 70 partial fibers) were computed using every combi- hence finite permeability). For the current analysis, the cell radius was selected to be 41 pixels. The 282 saturated permeability was computed as the average of the permeabilities calculated for each pixel.
283
The resulting computed permeabilities along with those from CFD [9] and from the GPE are shown 284 in Fig. 4(A) . Among the computational methods considered here, the GPE yields results that most 285 closely match those from CFD for all three fiber beds (maximum 6% error). 
295
In Fig. 4(B) the results are re-expressed in terms of ratios of permeabilities of non-uniformly 296 and hexagonally packed fiber beds for each computational technique (the goal being to assess the 297 sensitivities of the techniques to non-uniformity, independent of the absolute values of permeability). The measured unsaturated permeabilities, in the form ofκ
u /S, of specimens imaged ex-situ with
305
XCT were computed from the measured impregnation rates as described in section 2.5. Representa-
306
tive results for impregnation kinetics, presented as x 2 f f vs. t, are plotted in Fig. 1(B,C) . Linearity of 307 the data in this form affirms that impregnation follows Darcy's law and that the permeability is con- 
314
The measured unsaturated permeabilities (in the form ofκ that the variation in measured unsaturated permeability with capillary number is statistically significant (as manifest in the low p-value for B) whereas the variation with porosity is not (high p-value for C). The latter is attributable to the narrow range of porosities probed by these experiments coupled with the scatter in the measurements.
fects [27-31], wherein fibers in closely-packed regions, which are imbibed first, are pulled together by 338 capillary forces.
339
Distributions of local porosity and their differences before and after impregnation are given in ing to expansion or rearrangement of regions with high local porosity to form larger channels locally.
362
of small and large channels and fewer intermediate-sized channels at t = t*. However, at higher pres-364 sures, the changes in porosity probability density are significantly larger, suggesting that the applied 365 pressure plays a significant role in fiber movement.
366
Over the range of local porosities present in the fiber bed, the capillary pressure ranges between 367 6 − 40kPa. Meanwhile, the applied pressure drops from P m at the fiber bed entrance to zero at the flow 368 front. Fiber movement may occur ahead of, at, or behind the flow front in response to these forces.
369
If the fluid does indeed first find the path of least resistance within relatively large channels, two po- practice, fiber movement is likely a combination of drifting and bending. After pressure removal (at 378 t = 15.6 min in Fig. 9 (E) and at t = 15.2min in Fig. 9(F) ), the distributions of ∆PD are similar to those 379 at t = t*, suggesting that most of the fiber movement is due to drift; stress relaxation of bent fibers 380 produces a small effect over the time period of these experiments (specimens were imaged within 381 five minutes after pressure removal).
382 Fig. 8(B) shows the spatial distributions of local porosity and porosity change at the highest im-383 pregnation pressure (552 kPa); changes in porosity distributions are plotted in Fig. 9(F) . As we show 384 in section 3.3, the changes in the porosity distributions lead to an increase in saturated permeability.
385
The results in Fig. 9(D 
Effects of fiber movement
To examine effects of fiber movement on permeability, the GPE was used, first, to estimate the 390 saturated permeability,κ
, from 2D segmented XCT images of the six specimens imaged in-situ. . This is followed in some cases by a slight reduction in 395 computed permeability as the pressure is released, presumably due to internal relaxation of stress.
396
The values ofκ
for these six specimens at both t = 0 and t = t* are also plotted in Fig. 5 .
397
Although these permeabilities invariably increase during infiltration, the effects are most pronounced
398
at high values of Ca f f , consistent with the finding that the degree of fiber movement is greatest in this 399 domain. Changes in geometry and in the fluid pseudo-velocity field for the specimen infiltrated at 400 the highest pressure (P m = 552 kPa, Ca f f ≈ 0.002) are illustrated in Fig. 11(A,B) . The images show 
Effects of preferred flow channeling
404
To assess effects of preferred flow channeling behind the flow front, the GPE was employed to 405 compute the unsaturated permeability, in the form ofκ /S would be identical 409 § As discussed in section 2.4, fluid and void regions were segmented manually. To quantify error made by manual segmentation, an image taken at t* for one of the specimens impregnated without applied pressure was manually re-segmented months after the original segmentation was performed. The percent variance in fluid area between the two segmented images was 0.6%. The percent variance in the unsaturated permeability,κ (GPE) u /S, computed for the two segmented images was 2.7% -a small error relative to the effects of preferred flow channeling at low Ca (i.e., Ca f f ≈ 4 × 10 −5 ). toκ (GPE) s (i.e. k r = S). Meanwhile, preferred flow in the small channels would yieldκ
while preferred flow in large channels would yieldκ
At the highest impregnation pressures (P m > 276 kPa, Ca f f ≥ 7 × 10 −4 ), saturation is essentially 412 complete at t = t* and thus the values ofκ
are nearly identical to one another 413 (Fig. 5) . Moreover, the values at t = t* are broadly consistent with (though slightly lower than) the 414 measured permeabilities. The slight underestimate may be associated with preferred flow channeling 415 in the largest channels at the flow front, a phenomenon not captured in the present work.
416
In contrast, without applied pressure (Ca f f ≈ 4 × 10 −5 ), saturation is incomplete well behind the 417 flow front, with steady-state saturation S ≈ 0.81 at t = t*. In these cases, the computed unsaturated to improve existing permeability models, ultimately for use in optimizing liquid composite molding.
438
Moreover, they could be used to rationalize microstructural changes caused by impregnation.
439
We have also developed a new computational tool (GPE) for estimating the axial permeability 
